An extractive liquid-surface immobilization (Ext-LSI) system, which consists of a hydrophobic organic solvent (an upper phase), a fungal cell-ballooned microsphere layer (a middle phase) and a liquid medium (a lower phase), is a unique interfacial cultivation system for fungi. The fungal cells growing at the interface between the organic and aqueous phases efficiently produce hydrophobic metabolites, which are continuously extracted into the organic phase, and/or hydrophilic metabolites that migrate into the aqueous phase without carbon catabolite repression and product and/or feed-back inhibitions. Application of the system to fermentation of Penicillium multicolor IAM 7153 and Trichoderma atroviride AG2755-5NM398 afforded remarkably different profiles of secondary metabolites in the organic phase compared with those in an aqueous phase in traditional submerged cultivation (SmC). Various hydrophobic metabolites exhibiting unique UV-visible spectra were accumulated into the organic phase. The system was applied to a novel interfacial screening system of antibiotic-producing fungi. Compared with the SmC, the interfacial cultivation system exhibited some interesting and important advantages, such as the higher accumulation of hydrophobic secondary metabolites, the lack of requirement for shaking and troublesome solvent extraction, and the small scale of the vessels (medium, 5 ml; dimethylsilicone oil, 1 ml), as well as the significantly different metabolite profiles. The interfacial screening system yielded a high incidence of antimicrobial activity, with 21.9% of the fungi tested exhibiting antifungal activity against Pichia anomala NBRC 10213. This novel interfacial high-throughput screening approach has the potential to discover new biologically active secondary metabolites even from strains previously found to be unproductive.
INTRODUCTION
The threat of multidrug-resistant pathogens such as Mycobacterium tuberculosis, Staphylococcus aureus and Pseudomonas aeruginosa is on the rise with frequent recent reports of poorly controlled hospital infections and community-associated epidemics. 1, 2 At the same time, research and development into new antibiotics by the pharmaceutical industry has decreased very significantly. New initiatives to discover and develop antibiotics effective against multidrug-resistant bacteria and fungi, and viruses are urgently needed.
Many secondary metabolites produced by microorganisms, mainly actinomycetes and fungi, have been isolated, identified and evaluated as antimicrobial agents over the last seven decades. Although actinomycetes, especially Streptomyces spp., have afforded many important antibiotics, such as tetracyclines, cephalosporins, aminoglycosides and macrolides, the potential of fungi as antibiotic producers has not been fully realized given their incomparably greater diversities of genus, species and gene compared with actinomycetes. 3, 4 Especially, fungi isolated from unusual environments such as endophytic, 5,6 entomophagous 7,8 and marine-derived fungi 9, 10 have lately attracted considerable attention as producers of biologically active secondary metabolites.
As for the submerged cultivation (SmC) of fungi, it is well known that the pelletted form is a favorable morphology for most fungal fermentations because it enables higher mass and oxygen transfer and lower energy consumption for aeration and agitation compared with filamentous and clump forms. 11, 12 However, the control of fungal morphology to the pelletted form is generally troublesome because many factors such as medium composition and pH, agitation and aeration rates, sparger and agitator structures, volume and style of inoculum must be optimized. 13, 14 It was also reported that some additives, such as polymers, surfactants, oils and CaCO 3 particles, significantly affected fungal morphology and fermentation performance. 15, 16 Moreover, the pelletted form is not natural because almost all fungi exist as thick fungal mats on the surface of solids such as walls, rocks and stems of higher plants. The authors therefore expect that the fungal mat, as a natural fungal formation, will be a favored physiological state for the production of secondary metabolites.
Recently, we have developed three types of unique cultivation and application systems with a fungal mat, the liquid-surface immobilization (LSI) system, the liquid-liquid interface bioreactor, and the extractive liquid-surface immobilization (Ext-LSI) system (Figure 1a-c). In all systems, fungal cells suspended in a liquid medium are effectively floated onto the surface of a liquid medium by the aid of polyacrylonitrile ballooned microspheres and form a physically strong fungal mat together with numerous microspheres. Among the three systems, the LSI system ( Figure 1a ) has been applied to the production of some enzymes such as lipase, 17 xylanase 18 and β-glucosidase, 19 and hydrophilic natural products such as pigments. In all cases, the LSI system afforded excellent productivity compared with SmC.
The liquid-liquid interface bioreactor ( Figure 1b) , an organicaqueous interfacial bioconversion system with fungal cells, has been applied to some microbial transformations, such as hydrolysis of an acetate ester, 17, 20 asymmetric reduction of an aromatic diketone, 21 regio-and stereoselective hydroxylation of n-alkanes [22] [23] [24] and regioand stereoselective epoxidation of a sesquiterpene. 25 In all cases, lipophilic substrate dissolved in a hydrophobic organic solvent is efficiently converted to lipophilic product by an interfacial fungal mat. The excellent accumulation of conversion products was achieved compared with SmC. For example, the accumulation of (-)-βcaryophyllene oxide of which the MIC against many fungi was 50-200 mg l − 1 in the aqueous phase reached 30 g l − 1 in the organic phase. 25 The Ext-LSI system (Figure 1c ), an organic-aqueous interfacial fermentation system with fungal cells, has been applied to the production of a fungicidal secondary metabolite, 6-pentyl-α-pyrone (6PP), by Trichoderma atroviride. 26 In the system, product and/or feedback inhibition can be effectively alleviated because lipophilic metabolite produced by an interfacial fungal mat is spontaneously extracted from cells into a hydrophobic organic solvent. Fungicidal 6PP of which MIC ranged from 0.1 to 0.5 g l − 1 in aqueous phase against Trichoderma harzianum, Botrytis cinerea and Sclerotinia sp. 27, 28 However, the Ext-LSI system with T. atroviride AG2755-5NM398 could accumulate 7.1 g l − 1 of 6PP in the organic phase. 26 Recently, two unique phenomena of the Ext-LSI system were discovered. The addition of anion-exchange resin microparticles into an MS layer significantly enhanced the production of 6PP in a modified Ext-LSI system, 29 and carbon catabolite repressions (CCRs) by glucose and fructose were effectively derepressed for the production of 6PP in the Ext-LSI system. It is expected that these two unique phenomena contribute to mass production of valuable hydrophobic metabolites by using the Ext-LSI system. Furthermore, the authors have found that the profile of secondary metabolites in the organic phase in the Ext-LSI system differs considerably from that observed in the aqueous phase in SmC. This finding may provide a route for the enormous number of fungal strains that have so far proved unproductive in traditional screening systems based on SmC to be re-examined for the potential to produce new antibiotics. In this paper, examples of the difference in metabolite profiles found for the SmC and Ext-LSI systems will be presented and a novel interfacial screening system for antibiotic-producing fungi by using the Ext-LSI system introduced.
MATERIALS AND METHODS

Comparison of secondary metabolites between SmC and Ext-LSI systems
Microorganisms and media. Two different fungal strains, Penicillium multicolor IAM 7153 and T. atroviride AG2755-5NM398 were used for the comparison of secondary metabolite profile between the SmC and the Ext-LSI systems. The latter is a 6PP-producing mutant prepared with N-methyl-N-nitso-Nnitrosoguanidine. 26, 29, 30 Both strains were inoculated in F-1 medium consisted of 20.0 g of potato starch, 10.0 g of glucose, 20.0 g of soy protein (Soypro; Inui Co., Ltd, Osaka, Japan), 1.0 g of KH 2 PO 4 , 0.5 g of MgSO 4 ·7H 2 O and 1.0 liter of reverse osmosis water, pH 6.0 for the preparation of seed broth. 
Construction of a novel interfacial screening system
Microorganisms and media. The isolated and stocked filamentous fungi (572 strains), which were restored on potato-dextrose agar plates, were screened for the antibiotic-producing ability with the Ext-LSI system as a cultivation system. Modified Sabouraud medium was used as a liquid medium in the Ext-LSI system and Pichia anomala NBRC 10213 was used for antifungal testing.
The yeast strain was cultivated on yeast extract peptone dextrose agar plates consisting of 10.0 g of tryptone, 5.0 g of yeast extract, 10.0 g of glucose, 15.0 g of agar and 1.0 liter of reverse osmosis water, pH 6.0.
Procedure of a novel interfacial screening system based on Ext-LSI system. The schematic diagram of a novel interfacial screening system based on the Ext-LSI system is shown in Figure 2 . One liter of modified Sabouraud medium and 2.5 g of MS (MMF-DE-1) were aseptically and vigorously mixed with a magnetic stirrer. Five microliter of the mixture was poured into each glass vessel (volume, 20 ml; inside diameter, 24 mm) while stirring the mixture. After the formation of MS layer on the surface of a liquid medium, a piece (~1 × 1 mm) of each fungal mat was inoculated onto the center of the surface of an MS layer with a toothpick. Precultivation for the formation of the fungus-MS mat was done at 25°C without shaking for 3 days. After the precultivation, 1 ml of volatile dimethylsilicone oil (KF-96L-0.65CS; viscosity, 0.65 cP; Shin-Etsu Chemical, Co., Ltd.) was added onto the fungal mat, and incubation was continued for 7 days. A lid of each vessel was tightly closed for avoidance of volatility of KF-96L-0.65CS. A gas phase of each vessel was aseptically exchanged every other day by introducing 20 ml of air with an auto-pipette. After the incubation for 7 days, the organic phase in the Ext-LSI system was collected and could be spontaneously removed in a fume hood exploiting the volatility of KF-96L-0.65CS (b.p., 100°C). Each condensed sample was dissolved by adding 300 μl of ethyl acetate. Thirty microliter of each condensed sample was charged to a paper disk (diameter, 8 mm; thickness, 1.5 mm). The paper disk was stored at room temperature overnight to remove ethyl acetate. The disk was put on the surface of a yeast extract peptone dextrose agar plate inoculated with P. anomala NBRC 10213. After preservation at 4°C for 4 h for the diffusion of metabolites into the agar plate, the agar plate was incubated at 30°C for 24 h. After the incubation, the diameter of a halo formed was measured with a digital caliper ( Figure 2) . Interfacial screening of fungal antibiotics S Oda et al
RESULTS AND DISCUSSION
Comparison of secondary metabolite profiles between SmC and Ext-LSI systems First, the metabolite profiles were compared among three kinds of samples, SmC-Aq recovered from an aqueous phase in the SmC, Ext-LSI-Aq from an aqueous phase in the Ext-LSI and Ext-LSI-Org from an organic phase in the Ext-LSI system with P. multicolor IAM 7153. The chromatogram of each sample was monitored at 210 and 254 nm, and the spectrophotometric data were collected at 200-500 nm by means of a reversed-phase high-performance liquid chromatography-photo-diode array detection. The results are shown in Figure 3 . Both samples of SmC-Aq and Ext-LSI-Aq contained relatively hydrophilic metabolites, and the profiles of both samples were similar to each other in spite of very different cultivation systems. On the other hand, remarkable differences were observed in the secondary metabolite profiles between the SmC-Aq and Ext-LSI-Org samples (Figure 3 ). In the organic phase in the Ext-LSI system (Ext-LSI-Org), many hydrophobic metabolites, such as peaks 10-16, were detected. The maximal absorption wavelength (λ max ) of the metabolites except peak 12 was over 300 nm. Especially, peaks 15 and 16 were predominant and exhibited unique UV-Vis patterns. The UV-Vis patterns are similar to those of azaphilones such as sclerotiorin 31 and isochromophilones. 32 Next, the metabolite profiles were compared among SmC-Aq, Ext-LSI-Aq and Ext-LSI-Org from T. atroviride AG2755-5NM398. As shown in Figure 4 , the profiles of hydrophilic metabolites in SmC-Aq and Ext-LSI-Aq were different to each other. Four peaks 3-6 were detected in only Ext-LSI-Aq. Especially, peak 3 was predominant compared with other peaks in Ext-LSI-Aq. A fungicidal secondary metabolite 6PP (peak 2) was detected in both SmC-Aq and Ext-LSI-Aq samples. On the other hand, Ext-LSI-Org contained unique hydrophobic metabolites (peaks 7-9). The UV-Vis pattern of peak 7 was similar to that of 6PP (peak 2). Both of peaks 8 and 9 did not exhibit unusual UV-Vis spectra. Thus, as for T. atroviride AG2755-5NM398, peculiar hydrophilic and hydrophobic metabolites were gained in the Ext-LSI system (Figure 4) .
It is well known that the differentiation of fungi is closely linked to the production of secondary metabolites. 33 For example, while some secondary metabolites such as linoleic acid derivatives (psi factors) activate sporogenesis, 34, 35 the sporogenesis often triggers the production of secondary metabolites such as pigments. 36, 37 It was also reported that Penicillium brevicompactum could produce mycophenolic acid only after formation of aerial hyphae. 38 Although the filamentous form was predominant in SmC of P. multicolor IAM 7153 and T. atroviride AG2755-5NM398, both strains formed a fungal mat developing much aerial hyphae and spores on an interface between an organic phase and a liquid medium in the Ext-LSI system. Thus, it is possible that the morphological difference between the SmC and the Ext-LSI systems brings about the difference of the profile of secondary metabolite between the SmC and the Ext-LSI systems.
Moreover, an organic phase in the Ext-LSI system has two significant roles in the spontaneous extraction of hydrophobic secondary metabolites from fungal cells and the supply of oxygen from atmosphere. The former role maybe contribute to the alleviation of product and/or feed-back inhibitions by secondary metabolites. Indeed, it has been observed that the accumulation of a fungicidal secondary metabolite (6PP) of which MICs against some fungi are 0.1-0.5 g l − 1 reaches 7.1 g l − 1 in the organic phase in the Ext-LSI system. 26 The excellent productivity of 6PP was also observed in this study as shown in Figure 3 . The organic phase in the liquid-liquid interface bioreactor also has an extractant and a reservoir of toxic substrate and/or product to hold very high level of various hydrophobic conversion products. 17, [20] [21] [22] [23] [24] [25] Thus, the spontaneous extraction of hydrophobic secondary metabolites maybe contribute to peculiarity of secondary metabolite profile of the Ext-LSI-Org. Next, it is also assumed that high solubility of oxygen in the organic phase affects the peculiar metabolite profile in the Ext-LSI-Org. It is well known that dissolved oxygen affects fungal growth, morphology and metabolite production. 39, 40 It was also reported that the enhancement of dissolved oxygen tension in a broth led to the increase of mycelia aggregate diameter and the accumulation of ganoderic acid, 39 whereas the decrease of dissolved oxygen tension led the formation of weak and fluffy pellets. 40 Generally, organic solvents dissolve a lot of oxygen compared with water. Indeed, n-alkanes such as n-hexadecane, 41 perfluorocarbon 42 and dimethylsiloxane 43, 44 have been used as an oxygen vector for the elevation of dissolved oxygen in fermentation, bioconversion and enzyme production. The low-density dimethylsilicone oil (KF-96L-1CS) used by us could also act as an oxygen vector to enhance the production of metabolite (technical information by Shin-Etsu Chemical, Co., Ltd; http://dcproducts.com.au/documents/ SiliconeFluids.pdf). It should be noted that the mass transfer in the dimethylsilicone oil is higher than for the previously mentioned organic solvents because of the lower viscosity (1 cP) of KF-96L-1CS.
In addition to above-mentioned characteristics of the Ext-LSI system, it should be noted that CCR is effectively alleviated in the system 30 like solid-state cultivation. 45, 46 The CCR is an unfavorable phenomenon disturbing the production of metabolites, enzymes and biomass, 47, 48 and appears by adding only 1% easily metabolizable carbon source such as glucose, sucrose and glycerol. 49 Although the production of 6PP by T. atroviride AG2755-5NM398 was completely inhibited by adding over 10% (w/v) of glucose and fructose in the SmC, the CCR was effectively derepressed even in the presence of 25% (w/v) glucose and fructose in the Ext-LSI system. 30 Thus, the derepression of CCR in the Ext-LSI system may be favorable to the production of hydrophobic secondary metabolites.
In conclusion, Ext-LSI enables the production of many different hydrophobic and hydrophilic metabolites compared with those found by SmC. Especially, the authors view as the important diversity of hydrophobic metabolites rather than that of hydrophilic ones because of the difficulty of efficient production of the hydrophobic metabolites in SmC and easy elevation of hydrophilicity of the hydrophobic metabolites via microbial transformation such as hydroxylation and glycosylation using the liquid-liquid interface bioreactor system. The SmC extracts analyzed in this study were whole-culture ethyl acetate extracts. Further insights into the differences between the SmC and the Ext-LSI systems may be gained by separating cells and a supernatant in the SmC, and extracting their associated secondary metabolite content separately. This will be the subject of a future study. Construction of a novel interfacial screening system As stated above, the Ext-LSI system has some unique and valuable characteristics for the production of secondary metabolites as follows: (i) unique secondary metabolite profiles different from those in SmC, (ii) straightforward morphological control of fungi to a mat form, (iii) alleviation of product and/or feed-back inhibitions by spontaneous extraction of hydrophobic metabolites, (iv) efficient supply of oxygen from the organic phase to fungal cells and (v) derepression of the CCR. Indeed, some unique hydrophobic secondary metabolites are much accumulated in an organic phase in the Ext-LSI system (Figures 3 and 4) . Next, the authors tried to apply the Ext-LSI system to a novel highthroughput screening system for the selection of antibiotic-producing fungi. The procedure is summarized in Figure 2 . A piece of each restored fungal mat (572 strains) was inoculated on the surface of an MS layer formed on a liquid medium (5 ml) with a toothpick. After 3-day precultivation at 25°C without shaking, 1 ml of volatile dimethylsilicone oil, KF-96L-0.65CS, was added onto a fungal mat containing MS formed on a liquid medium. The dimethylsilicone oil is highly volatile (b.p., 100°C) and is entirely harmless against almost all fungi. After 7-day cultivation, the organic phase was collected and spontaneously condensed in a draft. Thus, troublesome solvent extraction and removal of solvent were eliminated in the screening system. Each condensed sample was dissolved by adding 300 μl of ethyl acetate and applied to paper disk method for the evaluation of antifungal activity against Pichia anomala NBRC 10,213. As a result, 125 samples exhibited significant antifungal activity (21.9%).
In conclusion, the Ext-LSI system can afford many unique secondary metabolite profiles different from those in SmC. Especially, hydrophobic metabolites are efficiently accumulated in the organic phase in the system. The alleviation of product and/or feed-back inhibitions, efficient supply of oxygen from the organic phase to fungal cells and the derepression of CCR are also valuable characteristics of the Ext-LSI system.
Moreover, it was verified that the Ext-LSI system is useful for the high-throughput screening of antibiotic-producing fungi. The antifungal hit rate of the interfacial screening system reached 21.9% against P. anomala NBRC 10,213. Nowadays, hazardous pathogens, such as multidrug-resistant pathogens and harmful viruses, are gradually expanding worldwide. However, research and development of new antibiotic by pharmaceutical companies markedly reduced. The authors expect that the novel interfacial screening system above-mentioned is widely applied, many new antimicrobial metabolites are discovered, and many antibiotics effective in multidrugresistant pathogens and harmful viruses are developed.
